1. Introduction {#sec1}
===============

The Coronaviridae family comprises viruses with genetic heterogeneity that allow differentiation in four genera: α-coronavirus, β-coronavirus, γ-coronavirus, and δ-coronavirus. SARS-CoV-2, a novel virus belonging to the coronavirus family is causing the ongoing global pandemic. The coronavirus RNA genome (ranging from 26 to 32 kilobases in length) is the widest among all RNA viruses with a degree of variability.

Although several coronaviruses are potentially pathogenic for humans, most produce minimally symptomatic disease \[[@bib1]\]. However, in 2002 and 2012 the outbreaks of severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) respectively, resulted in relevant morbidity and mortality due to acute respiratory failure (ARF) \[[@bib2],[@bib3]\].

An epidemic of respiratory disease caused by SARS coronavirus 2 (SARS-CoV-2) began in China and has spread to other countries. The novel coronavirus was originally named 2019-nCoV and subsequently SARS-CoV-2 by World Health Organization (WHO). The virus is a β-coronavirus belonging to the subgenus botulinum of Coronaviridae, and it is responsible for a zoonotic disease (coronavirus disease 2019 or COVID-19) which target airways and may severely involve lung airspaces \[[@bib4]\]. When lung parenchyma is affected, in addition to fever, symptoms include dry cough, dyspnoea and, in more serious cases, potentially fatal ARF \[[@bib5]\]. Mechanisms by which older age and underlying medical conditions negatively impact acute respiratory distress syndrome (ARDS) and concurrent cytokine storm require to be understood.

The SARS-CoV-2 is a single-strand positive-sense RNA genome identified by high-throughput sequencing and released through [virological.org](http://virological.org){#intref0010}. The virus was originally discovered in humans. The animal reservoir remains unclear although growing data support that SARS-CoV-2 was a chimeric virus with high grade of affinity for genetic information of a bat coronavirus and elevated similarity in codon usage bias with snake \[[@bib6]\]. Also the intermediate hosts of SARS-CoV-2 remain undetermined.

The interaction between viruses and host cells at entry site is crucial for disease onset and progression. In influenza A (H1N1), based on evidence in swine model, receptor binding domain on the host cells may also be used by intracellular bacteria both favouring the infection and enhancing the burden of symptoms \[[@bib7]\]. For SARS-CoV and SARS-CoV-2 the virus tropism for the respiratory system is sustained by the attachment to angiotensin-converting enzyme 2 (ACE2). ACE2 is a membrane-anchored carboxypeptidase highly expressed by airway epithelial and type I and II alveolar epithelial cells, found to be the virus cell entry receptor previously during SARS-CoV outbreak \[[@bib8]\].

Focus of this review is to dissect the knowledge on ACE2 receptor on airway and lung epithelium and attempt to understand whether underlying diseases or therapies are able to modulate expression affecting SARS-CoV-2 cell entry and infectivity.

2. Coronaviruses and ACE2 receptor: molecular interaction and damage associated pathways {#sec2}
========================================================================================

A large spike (S) protein that forms homotrimers protruding from the viral surface mediates coronaviruses attachment and adhesion to human target cells. In most avian and mammalian coronaviruses, S protein is cleaved into two smaller proteins although this has not been reported in SARS-CoV. However, two different functional regions have been described, S1 and S2 \[[@bib9]\].

The S1 subunit consists of four core domains, S1A to S1D. The distal S1 domain mediates receptor association and stabilization, whereas the S2 domain promotes structural rearrangements and finally membrane fusion. Coronaviruses use different regions of S1 domain to interact with specific binding receptors.

Acetylated sialoside attachment receptors expressed by glycoproteins and glycolipids on the host cell are the target of endemic human coronaviruses OC43 and HKU1 while non-acetylated sialoside attachment receptors bind the A domain (SA) of MERS-CoV. For SARS-CoV and SARS-CoV-2, a small fragment of the S1 region, receptor binding domain (RBD), is necessary for binding to the peptidase domain of ACE2. This represents the critical site for virus/host cell interaction \[[@bib10]\].

SARS-CoV-2 has low homology to S-protein of SARS-CoV with patches of sequences in the RBD domain. Walls et al. reported that SARS-CoV-2 S-protein has a boundary between the S1 and S2 subunits site presumably due to furin cleavage in the Golgi compartment \[[@bib11]\].

In particular, SARS-CoV and SARS-CoV-2 present more conserved S2 fusion machinery than the S1 subunit with the highest divergence found within SA and SB \[[@bib12]\]. These changes in SARS-CoV-2 result in a functional advantage as the ectodomain S attaches to ACE2 with \~15 nM affinity, which is approximately 10- to 20-fold higher than that of SARS-CoV \[[@bib13]\] These findings have been proposed as the rationale for elucidating the efficient transmission of SARS-CoV-2 in humans.

ACE2 expression is widely represented in type II lung alveolar cells, oesophageal epithelial cells, enterocytes, cholangiocytes, myocardial cells, kidney proximal tubule cells, and bladder urothelial cells \[[@bib14]\].

Single-nucleotide ACE2 polymorphisms are not associated with SARS susceptibility or outcomes \[[@bib15]\]. Furthermore, in experimental models, the binding of the S protein to ACE2 is not altered by the addition of a specific ACE2 inhibitor, confirming the inability of this inhibitor to block SARS infection \[[@bib16]\]. Conversely, SARS-CoV2 S-mediated entry into target was enabled in mice immunized with a stabilized SARS-CoV S-protein.

These data support a role for SARS-CoV neutralizing antibodies in preventing receptor engagement \[[@bib12]\]. While ACE2 has been extensively discussed as receptor for entry into the host alveolar cell, in a murine ARDS model ACE2 protected lungs from severe acute injury \[[@bib17],[@bib18]\]. Impaired tissue repair mechanisms, increased vascular permeability, fluid accumulation in extra-alveolar spaces and oxidant/antioxidant imbalance have been described in relation to ACE2 deficiency \[[@bib19], [@bib20], [@bib21]\]. After attachment and virion membrane fusion, ACE2 expression is downregulated resulting in excessive production of angiotensin (Ang) enhancing oxidative stress mechanisms \[[@bib22]\] in contrast to what happens during other viral infections.

SARS-CoV-2 internalization is promoted through hemagglutinin cleavage operated by the transmembrane serine protease 2 (TMPRSS2), a cell-surface protein expressed by epithelial cells within the airway and alveolar spaces \[[@bib8],[@bib23]\]. Viral priming mechanisms, TMPRSS2 dependent, were demonstrated during previous coronaviruses and influenza A H1N1 outbreaks \[[@bib8],[@bib24],[@bib25]\] ([Fig. 1](#fig1){ref-type="fig"} ). TMPRSS2 involvement in SARS-CoV-2 is currently under investigation based on in vitro data of camostat mesylate, an inhibitor of the protease activity of TMPRSS2, demonstrating SARS-CoV-2 entry cell inhibition \[[@bib8]\]. A phase I/II study with camostat mesylate (NCT04321096) and a phase II/III study with nafamostat, an extremely potent TMPRSS2 inhibitor, (NCT04352400) are ongoing \[[@bib26],[@bib27]\]. Preliminary results are expected by 2021.Fig. 1Postulated mechanisms modulating SARS-CoV-2 attachment and fusion machinery on human host cells.Fig. 1

3. ACE and ACE2 expression in pre-existing chronic pulmonary diseases {#sec3}
=====================================================================

ACE is a type 1 transmembrane monomeric glycoprotein expressed in lungs, intestine, kidneys, brain, aorta, and adrenal medulla; it cleaves two amino acids from Ang I to produce Ang II. ACE2 conversely cleaves single amino acid from Ang II to generate Ang-(1--7) \[[@bib28]\].

In human lungs, elevated Ang II/Ang-(1--7) ratio favours vascular permeability and extra-alveolar fluid accumulation. Conversely, elevated levels of Ang-(1--7) though Mas receptor (Mas1) activation, which is widely present on endothelial cells, exert vasodilatory, anti-inflammatory and anti-fibrotic effects \[[@bib29]\]. Most importantly, ACE2 differs from ACE for not being inhibited by ACE inhibitors (ACE-I) \[[@bib30]\].

In a rat model, ACE2 mRNA expression is significantly reduced in COPD rat lung compared to wild type animals \[[@bib31]\]. Likewise, ACE2 overexpression through intratracheal injection of Ad-ACE2 significantly attenuated the lung function deteriorations and pathological manifestations of COPD, supporting a pathogenetic ACE/ACE2 imbalance in COPD \[[@bib32]\]. Similarly, an increment in ACE/ACE2 ratio has been reported in the murine model of asthma. However, administration of ACE2 activator counteracts the cytokine storm (IL-1β, IL-4, NF-κB, BCL2, p-AKT, p-p38) in asthmatic rat model \[[@bib33]\].

To an uncertain extent, smoking may play a role in ACE2 modulation. Lungs from rats chronically exposed to cigarette smoke exhibited significant reduction in ACE2 expression as well as an increase of ACE. Based on data independently reported by Guan et al. \[[@bib34]\] and Zhang et al. \[[@bib35]\], incidence of SARS-CoV-2 appears to be lower in patient with smoking history. By contrast, smoking seems to be associated with adverse outcome. These mechanisms need to be fully explored.

Previous data highlighted that viral infections might amplify local inflammation in chronic respiratory conditions. In atopic subjects, HRV and allergen exposure singularly increased ICAM-1 expression resulting in migration of immune effector cells into the airways \[[@bib36]\]. Conversely, in SARS-CoV2 infection, the presence of comorbid chronic respiratory disorders is not associated with enhanced risk for developing infection compared to other common clinical conditions. However, COVID could evolve in more severe clinical outcomes in COPD subjects \[[@bib34]\].

However, it is recognised that a down regulation of ACE2 following infection does promote lung injury \[[@bib19]\]. In lung, reduced ACE2 levels prompt reduce Ang-(1--7) levels, which promotes protective tissues regeneration and reduces reactive oxygen species (ROS) \[[@bib28],[@bib32]\]. COVID outbreak makes ACE2 regulation in lung epithelial cells a crucial area of research interest.

4. Role of pharmacological agents in ACE2 modulation {#sec4}
====================================================

COVID-19 exhibits more severe clinical course in patients with hypertension, cardiovascular disease and diabetes \[[@bib35],[@bib37]\]. Renin-angiotensin system (RAS) inhibitors are the cornerstone of therapy of many cardiovascular and renal diseases. These drugs are widely used for reducing blood pressure in hypertensive patients. Experimental and clinical models show different responses from administration of agents interfering with this regulatory axis: angiotensin-receptor blockers (ARB) and mineralocorticoid-receptor blockers seem to increase the levels of ACE2 gene expression and cardiac ACE2 activity \[[@bib38],[@bib39]\], whereas ACE-I are associated with elevated cardiac ACE2 activity but not cardiac ACE2 mRNA \[[@bib40]\]. An early study documented increased cardiac ACE2 expression after myocardial infarction in rats treated with agents blocking the Ang II receptors when compared to placebo \[[@bib41]\]. Similarly, higher urinary ACE2 levels were observed in hypertensive patients treated with olmesartan, an Ang II type 1 (AT1) receptor antagonist \[[@bib42]\]. Furthermore, administration of losartan, another AT1 receptor antagonist, counterbalanced smoke-induced decrease of ACE2 and restored to some extent the ACE/ACE2 ratio in the lung \[[@bib43]\].

In a small cohort study, levels of Ang II were found markedly increased in COVID-19 plasma samples \[[@bib44]\]. These results are in accordance with previous studies which reported high Ang II levels in mice infected with SARS \[[@bib17]\] and with experiments in H7N9 viruses showing that Ang II levels were related to worse clinical outcomes \[[@bib45]\].

RAS may represent a double-edged sword. Its positive impact in upregulating ACE2 has been demonstrated \[[@bib41]\], suggesting a potential role against lung damage in SARS-CoV-2 infected patients \[[@bib22]\]. However, risk of increase susceptibility to infection linked to ACE2 upregulation due to RAS inhibitors remains uncertain and needs to be clarified. Fang et al. based on higher prevalence of hypertension, diabetes mellitus and chronic cardiovascular diseases among patients who died from COVID-19 postulated that ACE-I or ARBs might favour severe disease progression \[[@bib46]\]. However, more recently, in a multicentre retrospective study including 1,128 COVID-19 inpatients with hypertension, the use of ACE-I/ARBs was associated with lower all-cause mortality (adjusted HR, 0.42; 95% CI, 0.19--0.92; P = 0.03) and septic shock (adjusted HR, 0.36; 95% CI, 0.16--0.84; P = 0.01) compared with ACE-I/ARB non-use. Unfortunately, the study was not designed to detect differences between ACE-I and ARBs and overall the patient number in ACE-I/ARB group was limited (188/1128; 16.6%) \[[@bib47]\]. These data support the statements of European Society of Cardiology \[[@bib48]\], American Heart Association, the Heart Failure Society of America and the American College of Cardiology \[[@bib49]\], International Society of Hypertension \[[@bib50]\], Italian Society of Pharmacology \[[@bib51]\] and European Society of Hypertension \[[@bib52]\] that recommend against ACE-I or sartans discontinuation in light of the current evidences.

However, a recent comment by Phadke et al. \[[@bib53]\], based on unpublished observational data, supports the use of losartan or telmisartan, which block AT1 receptor more avidly than valsartan, to potentially prevent the virus spread.

Finally, data about non-steroidal anti-inflammatory drugs (NSAIDs) are still far from being clarified. Earlier evidences in rat models suggest that ibuprofen and thiazolidinediones may upregulate ACE2 expression \[[@bib54], [@bib55], [@bib56]\]. It has yet to be established whether these observations may objectively influence the clinical scenario in patients with SARS-Cov-2 infection.

5. Conclusions {#sec5}
==============

There is sufficient evidence to support the concept that one of the main battles in the war on COVID will be played at the level of ACE2, the receptor for viral cell entry. In healthy individuals, ACE2 promotes lung homeostasis through the production of Ang-(1--7). In chronic respiratory conditions, ACE2 down-regulation may prevent SARS-CoV-2 host cell interaction. However, patients with pre-existing COPD who are infected with SARS-CoV-2 may experience poor clinical outcomes most likely due to reduced respiratory reserve.

Data on ACE2 modulation from RAS inhibitors is inconclusive. Whilst subjects chronically exposed to these agents appear to have hypothetically higher availability of cell receptors within lung, it remains uncertain whether this may influence the susceptibility to developing SARS-CoV-2 infection. However, ACE2 upregulation may also result in enhanced host defence mechanisms that counteract ACE2 virus-induced downregulation.

Dissecting the pathways of the major cell receptor for SARS-CoV-2 will let us understand both the mechanisms of viral induced direct lung injury and the effects of perturbation of ACE2 on their function. Manipulation of ACE2 receptor expression and its implication on viral cell entry has the potential to be a major target for therapy.
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